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(57) Abstract 

A method and apparatus for producing schedules for a wafer in a multicharaber 
semiconductor wafer processing tool comprising the steps of providing a trace 
defining a series of chambers that are visited by a wafer as the wafer is processed by 
the tool; initializing a sequence generator with a value of a variable defining initial 
wafer positioning within the tool; generating all successor variables for the initial 
variable value to produce a series of values of the variable that represent a partial 
schedule; backtracking through the series of variables to produce further partial 
schedules; and stopping the backtracking when all possible variable combinations 
are produced that represent all possible valid schedules for the trace. All the possible 
schedules; are analyzed to determine a schedule that produces the highest throughput 
of all the schedules. 
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METHOD AND APPARATUS FOR AUTOMATICALLY GENERATING 
SCHEDULES FOR WAFER PROCESSING WITHIN A MULTICHAMBER 
SEMICONDUCTOR WAFER PROCESSING TOOL 

5 BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a multiple chamber 
wafer processing tool and, more particularly, to a method 
and apparatus for automatically generating a schedule (s) for 
10 a semiconductor wafer within a multiple chamber 
semiconductor wafer processing tool. 



2. Description of the Background Art 
Semiconductor wafers are processed to produce 
15 integrated circuits using a plurality of sequential process 
steps. These steps are performed using a plurality of 
process chambers. An assemblage of process chambers served 
by a wafer transport robot is known as a multiple chamber 
semiconductor wafer processing tool or cluster tool. FIG. 1 
20 depicts, in part, a schematic diagram of an t illustrative 
cluster tool known as the Endura® System manufactured by 

Applied Materials, Inc. of Santa Clara, California. 

The cluster tool 100 contains, for example, four 
process chambers 104, 106, 108, 110, a transfer chamber 112, 
25 a preclean chamber 114, a buffer chamber 116, a wafer 

orienter /degas chamber 118, a cooldown chamber 102, and a 
pair of loadlock chambers 120 and 122. Each chamber 
represents a different stage or phase of semiconductor wafer 
processing. The buffer chamber 116 is centrally located 
30 with respect to the loadlock chambers 120 and 122, the wafer 
orienter /degas chamber 118, the preclean chamber 114 and the 
cooldown chamber 102. To effectuate wafer transfer amongst 
these chambers, the buffer chamber 116 contains a first 
robotic transfer mechanism 124. The wafers 128 are 
35 typically carried from storage to the system in a plastic 
transport cassette 126 that is placed within one of the 
loadlock chambers 120 or 122. The robotic transport 
mechanism 124 transports the wafers 128, one at a time, from 
the cassette 126 to any of the three chambers 118, 102, or 
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114. Typically, a given wafer is f irst • ^ 

orienter/degas ctaiDer U8< ^ ^ * 

chamber 114. The cooldown chafer 102 is Z. T 
until after the waf»,- i. Senerally not used 

er ls Pressed within the process 
5 eh """" 104 ' MB. 110. individual wafers Z ! ■ „ 

upon a wafer transport blade 130 that is "cared" 27 
f ^ ° £ the £1 ™ ^ic mechanism 12 4 Tne 
transport operation is controiled by a se^encer^.. 

10 access ; IneT Cha "^ 1S SUrr ° mded * - - 
access to the four process chambers 104 ific -,„„ 

wen as the predean char^r uTlnd 1 \ ~* U ° " 
102. To effectuate tran^rt o a 1 ^ 
chairs, the transfer cZ r 112 TjZ^ 1 * 
—Port mechanism 132. The ^ ^ LT^T 1 * 

blade 134 of the secL trMSp °» 

tne second transport mechanism 132 r»t-,-,-„ 
wafer from the preclean chamber 114 and , ret "eves a 

to the first stage of proctsX, . "**« 
- vapor deposition .^T^^ V 

wafer is processed and the PVD . tlMM . * the 
the wafer, the wafer can ^b^t"?^^ 
processing and so on. nd SCage o£ 

25 ch Pr ° CeSsins is «"Pl«te within the process 

25 hambers. the transport mechanism 132 moves L wafer from 
the process chamber and transports the wafer to T f 
chamber 102 . The wafer i „ h, he cool *>wn 

chafer using the rrrst t ' ™" °" C °° ld «™ 

buffer d-Lu S ' rt" meCtaniSm 124 Withi " ^ 
30 -Port ^U^* r^-Sj- * 

— tXTT^ a r cer c ° o1 ~ ■ 

(robots) m'andlifi" ^ °" " — tra ° S£er eb "*« 

3= referred to as the -configur^ ^ tlYTT " 
to be processed is tafcen from a ioadloc* p ed * "*« 
successrvely into various chasfcers as each chamL performs 
a particular process upon the wafer. Performs 
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after C, . This shoula te discingu ished from J <=*. 

S processing sequence- wh±ch . s the order of . 

pe r n:rj recipes) c ° * " «« «« « 

Perf °"" S the Same fallal chafers, , a given 

processing sequence may be satisfi-H k 

traces. Y sat i=£ie<J by several different 

10 - A wafer which completes its pressing sequence and is 
e urned to the loadlocx is said to be processed by thT 
too! Koughly speaking, a tool's throughput is the n^ber 
o wafers processed by the too! per unit of time. ~ 
l£ " 0l Meas C to process «. wafers, then 

I (3) 
is the tool's throughput measured in the interval [0 t] 

for a "* ,Kmy ^ t0 imPr ° Ve the C ° o1 '* throughput 

for a given processing sequence. However, one important 

movement is to use efficient scheduling routine! or a 
20 given processing sequence. * 

The optimization of scheduling involves the choice of 
criteria used in deciding when to transfer a wafer frlm oL 
chamber into the next (and which wafers should be « 
any, prior to that move,. A routine, which schedule^ 
25 movement of wafers through the cluster tool (based L a 
given processing sequence, is referred to as a -silling 
routine." ^cneauling 

toutinT A t^o~r u if ti r r r ~ in9 

30 given ssi ng sequence.' one HST. f " 

scheduling routines that fulfil! the processing sequence 
The routine which maximizes the value of throughput 
deemed the -optimum- routine and the maximum attainable 
value of throughput is taown as the tool's -capacity^ That 

>B is if A xs the set of all possible scheduling routines lor 
a given processing sequence, then A* is optimum if 

S(A*)=max{ S (A) |A€A} 
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Clearly the tod's capacity m ., depends oa . 
processing sequence as waU as _ J^en 

parameters within the processing sequence 
finding efficient scheduling routineT^ ' ° £ 
5 sequence (especially fir,* 9 P™"*^ 

possible) « T 9 OPtlnU "' routin «. "here 

possible, is of considerable practice! importance. 

Presently there is not an eutopic method of 
determ^ng the best scheduie. given a particular trace 
that provides the highest throughput for that t 
10 Typically, a trial and error J*L i us^ 1 u"' K 
s determined that provides a suff icien TllZ ^u 
Hoover, the sufficient throughput may not be the Lt 
throughput that is possible for a given trace 
Therefore, a need eviefe 4« *.u 

15 apparatus that determlTall 2 ^" * ^ *** 

Inines al1 possible schedule rH^~ 

SUMMtnv ^ nr|TJn . Tri|| 

The disadvantages heretofore associated with ,->, 
art are overcome by an invention of a metnod Id ^ 
for determining all possible schedules"^ \T TT" 
2 5 given trace . eauj.es that accomplish a 

g en trace, applymg a throughput model to each «f -v, 

JU First, a schedule is Haf^^ ' 

ouie is defined as a series of "letters- fW 

form a -word-. Each letter in the word defines " I! ^ 

positioning of wafers within a cluster tool of ^ 

Positioning of the wafers within the to must u 

race, i.e.. each letter must £ollow from . ^ or 

ifti r::::r- -* * ~ - - — ~ 

Given a letter (input letter, representing present 
wafer positions, the invention computes all possible 
successor wafer positions, i.e.. al! possible valid 
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"LT T • ** inVenti ° n Pr ° vid « "dividual 

modu le . for successor computation for serial traces. 

5 technique to repeatedly confute, from any let ter. all 
possxble successor letters, and then compute all possible 
successor letters of the successor letters, a scheduie tree 
rs derrved. Th e schedule tree contains all possible 

10 T^T ^ mU11 3 9iVCT tMCe - *<* every 

10 schedule can then be modeled to determine the expected 

throughput of each schedule. By comparing the throughput 
assorted with each schedule, an optimal schedule or 
schedules is identified. 



15 BRIEF DESCRIPTION np g gg r,R AW TKR g 

The teachings of the present invention can be readilv 
understood by considering the following detailed description 
m conjunction with the accompanying drawings, in which 
20 oh h 1 . depiGtSa thematic diagram of a. multiple 
2C chamber semiconductor wafer processing tool being controlled 
by a sequencer that operates using scheduling routines ' 
generated by a schedule generator in accordance with the 
present invention; 

25 oerf ^ ' ^ ° f SChedUle aerator that 

25 performs operative steps in accordance with the present 
invention; * enc 



35 



trace; 



Fig. 3 depicts a flow diagram of a 4-chamber serial 



30 trace;' 9 ' ' ***** * °* * 4 " ch - b ~ 

Fig. 5 depicts a flow diagram of a schedule 
optimization routine of the present invention; 



Flg - 6 de P icts * tree diagram representing all possible 
schedules for a 2-chamber serial trace; 

FIG. 6A depicts a schematic diagram of a 2-chamber 
serxal trace of FIG. 6 showing a wafer in position (1 0 ) • 

Pig. 7 depicts a tree diagram representing all possible 
schedules for a 3-chamber serial trace; 
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5 .h «hT* ^ dePiCtS 3 SChematic d ^am of a 3-chamber 

F r; ; f FiG t - 8 showin9 a waf ~ in 

Pig. 9 depicts a tree diagram containing partial 

F r : onstructed usin9 the - 

Fig. 10 depicts a flow diagram of a routine for 
10 producing all possible schedules for a given tracf • 

backtracking technique. USlng 3 

To facilitate understanding, identical reference 
numerals have been used, where possible, to designate 
^ identical elements that are common to the figured 

DETATT.Rn ni ?|tf n p Tp TTnrT 

A. Overview of the Invention 

As discussed above, fig. 1 depicts, in part a 
schematic diagram of a conventional multiple, chamber 
20- semiconductor wafer processing tool. The depicted cluster 
tool 100 is controlled by a sequencer that executes hi 

ZTeZr tines detemined * the ~ 

The present invention is embodied in a schedule generator 50 

FIG. 2 depicts a bloelf diagram of the scheduling 
abator 50 that produces ithe scheduling routines executed 
by the sequencer to controi the duster too! 100 of FIG T 
Addxt.onally. the schedule generator 50 operates to 
determine an optimal sequencing routine for a given 
processing sequence and tool configuration. Although, the 

-Ued in the art w in understa^ ^^L^ld 
35 be practrced on a processor within the sequencer 

The schedule generator 50 contains a microprocessor 200 
as well as memory 202 for storing a schedule generation 
routrne 210. a schedule opti^ation routine 212 and Z 
scheduling routine ,., generated by routines 210 and M 
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The microprocessor 200 cooperates with convention*! support 

e <? sucn, it is contemplated thai- 

5 some of the process steps discussed herein as softly 
processes may be inplemented within 

crrcu.tr,, that cooperates with the microprocessor ' to perform 
various process steps. The schedule generator 50 a so 

10 rl lnPUt/ ° UtPUt *>8 that forms an i„ ter£ace 

10 between conventional input/output (1/0) devices 2U such L 
keyboard, mouse, and display as „eU as an interface to 

de C VtT ncer ' Althoush tL scheduie =»T 

deputed as a general purpose computer that „ 
determine sched u iin 9 routines inTccLdl" ^ <° 
15 invention, the invention can be implem^ Z J££T 
an appiication specific integrated circuit i JZ T 
such the process steps described herein a e Z elded" be 

:c in rT ted as «st 

software, hardware, or a combination thereof 

The automatic schedule generator 50 of the present 
xnventron executes a schedule generation routine 2 lo It 
generates all possible schedules for a given trace T 
schedule optimization routine 212 facing,- 
Process of producing an o^J£^~™T" 

disclose 1 deflnitl ° nS ^ »~ * this 

cha^:;:i::::r::::: srr physicai piac ^ ° £ 

3 0 have chambers C c a ^ ^ * tool My 

amoers c,, c„ Cj and c„ a LoadLock (u.) as well 
one or more robots. 

"Process sequence- is the order in which processes are 

applred to a given wafer. For example P P ° CeSses ^ 
r, -u t^cunpie, p is the name of t-h^ 

n-th process (e.g., etch) and, P p p . , he 

. c ' *' *»' p 3' (which also may be 

35 wrxtten as P,^,-*, , is . process ^ 

of m " ?r ° CeSSin9 ««-»iUty. of a cluster tool is the result 
of mapprng a required process sequence onto the set of 
chambers within the tool. The ^ o£ this ^ ° ' 
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called a "trace-. For example, a process sequence P^p 

may be mapped onto four chambers C c r a ^ „ ' 
trace *' " ° 3 ^ C < to y ie l<* a 



Note that processes P 3 and P 3 are mapped into chambers C, and 
C„ respectively, while process P 2 is mpped ^ ^ 

TZUdl P L rf ° med in * ^ • °— « C 2 and 

C 3 are said to be parallel because a wafer visits h. , = 

10 into) either C 2 or C (but nor wwi ' PlaCed 

2 or c 3 (but not both) . m other words, the 

sign v in C 2 vC 3 represents an exclusive OR function. 

"Stage" is a set of one or more chambers which 
correspond to the same process. ' Wafers visit exactly one 
chamber from a g iven stage. The notation (C^vC,, me ans 
15 that wafers can move to either chafers C x or C y or C„ but 
only .nto one of the chambers. That is , u . stage 

comprised of three -parallel" chambers 

possible wafer ana robot states . A string o£ ^ 

^ or example, then (0,0,, ( 0. 1) , (1 .0,.ana 

o ,rr, aU P ° Ssible Utters *» « -a 

lh 1'!;" U ' ^ **** 3 l6n9th ° £ 3 1— over 
too! p ldentl£ieS thS -"antaneous state of Z 

too . For example, as is aiscuasea in aetail below, a 
letter My define che ^ ; * 

30 — » t . at . ^ point ^ ^ - or 

sch „ T SPe ^ 9 ' Wha " Ver the s ^«- alphabet a 
scheaule s is representea as a wora. 



s = 



35 



xyz. . .uv. . .rtx, 
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which starts and ends with the sas,e letter (e.g.. „ . this 
is the only repeated letter, and a successor v of a given 
letter u must satisfy alphabet dependent rules, i.e.. rules 
whxch define a valid trace. e.. rules 

5 Traces are available in three different configurations. 

traCe " a WUel " it i= comprised of exactly 

one stage; a trace is a serial trace if each stage has 
exactly one chamber and a trace is a mixed trace if it is 
neither serial nor parallel. (Clearly, to have a mixed 
10 trace, the nustoer of chambers in the trace is at least 

whose name appears more than once in the trace (that is. the 
corresponding process science contains a processing loop, 
To il ustrate. Pi gs . , md 4 scharatically ^ °> 
15 serial and mixed traces, respectively. 

Fig. 5 depicts a high level flow diagram of the 
schedule optimization routine 212 . Th e optimization routine 
contaxns a schedule generation routine 210 that produces all 

20 :::: e 2 :r eduies in - ***** i — 

Routine 212 is an automated process that performs the 
r o 1 lowing s t eps : 

a) Input a trace L (step 500), 

b) Produce all possible schedules over L (routine 210) 
using a two step- process, where the first step 
(step 508) generates all possible successor 
positions (letters) to which a wafer can be moved 
from a present position (letter) and the second 
step (step 510) uses a backtracking technique to 
change wafer positions such that other successor 
positions (letters) can be computed by step 508 

O Evaluate each of the schedules in (b) with respect 
to throughput (for a given set of robot and process 
parameters) (step 504) , 

d) Record a schedule or a set of schedules which have 
the highest throughput for the given trace L (step 
506). ' P 

Since step (c) requires a throughput simulation program, for 
computational efficiency, steps (a) , (b) and (d) are 
generally incorporated into the simulation program 
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A plurality of embodiments of the present invention are 
drscussed below in Sections B. c, D and E of this 

a TlTl'h r ifiCally ' definiti ° nS ° £ 3 «» 
{0.1} alphabet, rules for generating successors of a given 

5 letter and modules needed' for computation of successors are 
grven » Section B for a serial trace and Section C for 
mrxed and parallel traces. In Section D, these processes 
are extended to include robot utilization in the 
computations. Lastly, a generalized backtracking routine 
10 for generating all possible schedules from a given tracT 
applrcable to any trace with or without a robot is 
presented in Section E. 

B. Schedule Generation for Serial Traces 

^ in 3," ChMbar Serial ,M lll "««tively depicted 

- FIO. 3). composed of chambers C..C, c „, is associated 

with an n-tu P le from the alphabet { 0.1 } ». I£ J is such , 
tuple then, for i=l. 2 „, i£ 

and r W -l. if c, contains a wafer. In accordance ^ ^ 

S= x. . . u v . . . x, 

25 TL St T ^ Witt — ^ and this 

rs the only repeated n-tuple in the string. In addition 

any two consecutive n-tuples u and v in the string, /being 
a successor of „. aiffer in « ^ ^ 

related rn accordance with the following rules- 
3.) If u[.l=0. then v [,].l. FO r all k>l. v[t] (TWs 
corresponds to a wafer being moved from the loadlock 

s,» If then v W= o. For all k<n , - w= - [t] (Thu 

C ° * Wa£Sr teln9 — £ ™ C " ^ the 
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»,) If, for some **{0,n}.Z [k]=l and 5 [k+l]. 0 . then v[*]=0 
and vtk + l]-i. For all i g {k . k+1} ,v W . SM . (This 
corresponds to a wafer being moved from C k into C ) 

5 FIG. 6 illustrates all possible schedules available (i e 
two schedules, in a 2-cha^er serial trace. PIG . 6A depi ; ta 
. schemata diagram of the 2-chamber serial trace of FIG 6 
havrng a wafer in position represented by the 2-tuple d'o, 
These n-tuples are referred to herein as the coordinates of ' 

FlfTT »•->. the schedule of 

6 dlCtaCM that the is next moved to a position 

represented by the 2-tuple ,0.1). i.e.. a wafer is now 1» 
chamber C, and no wafer is in chamber c„ Thereafter, the 
schedule may follow one of two paths, either the wafer in c 
15 rs moved to the loadlock (a wafer positioning that is 

represented by 2-tuple ,0.0, , or another wafer is moved into 
chamber C, ,a wafer positioning that is represented by 

2-tupie a.m. As such , ^ 2 . tuple represents / 

20 ZITT posltions for 8 wa£er or ua£ers ^ 

20 fulfill a step in the. trace. 

Similarly, fig. 7 , illustrates the seven possible ' 
schedules available in a 3-chamber serial trace and fig 7a 
depxcts a schematic diagram of the trace of FIG. 7 having a 

^tl.l-Dd.l.OMl.CDlO,!,!,)!!,!,!) 
S w =(1,0,0) (0,1,00(0,0,1) (0,0,0)(1,0,0) 
S X =(1,0,1) (0,1,1) (0,1,0) (1,1,0) (1,0,1) 
represents particular scheduling routines that are generated 
30 by the schedule generator for a three chafer serL™ 
Such schedules may contain a set of robot and chamber' 
parame ers that yield higher or lower throughput than other 
schedules in the set of all schedules. As such, the only 
way to determine an optimum schedule is to examine the 
35 throughput under all possible schedules and, using the 

optimization routine, determine which of the schedules is 
optimal. 
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coord^esT^ SbOVe ' ** 2 ° Mnary '^ition ' 

(0.1). A finite string of letters is referred tn 

For example, strinas s « = ^ «, reterr ^d to as a word. 

S m this termino!^ a P^tiaT C T, W ° rdS ' 

-letter word saTs'w t »« TV " °* * " * 

»u..s>U) . . .S(k) in which next letter cm*h 

depends only on the previous letter 8 (i,. i=l 2 k 1 H 
is built according to rules (s ) f, i * , ' 
in accordance with these Z le s a 11 Uttrs ^ ab ° VS - 
X0 schedule are di ffer ent. . A full L ^oT^ 

wu)w (2) ... w(n) such that w(1)W(2) ... w(n e _ ™ 

schedule and W( n,= W (l). F mma ^ m§ the WQrd ^ 

W(D-(1,1,1) and W(4> = (0,1,1>. .(Generally, if ^ u Z 
15 then W(i) = a l ). "i» 2 --.« k , 

From the definition of a schedule, if JL^.- u a 

partial schedule, then u u Z Z 4- , 
. «i« a .. . « k « ktl is also a schedule 

(partial or full) oroviri^ ~ ■ ^ . 

20 anvl ' * Bl "" ^"-^ nave 

20 anywhere from 1 to rn/ou i 

x co in/2J+ 1 successors w rnv, A 

successors (variable nmb below) is ea^Uv'det ' °' 

following function: * determined the 

25 va? Cti ° n SerCount < = letter) : integer; 

i,nmb: integer ; 
begin 

nmb:=0 

3Q for i L =l to n-l 

if w k [<>l and u k [i + l]=o 
then iimfa:=j2jnb+l; 

• ^=^« k W +(d+5jl], (mod 2)) 



35 



return (nmb) 
end; 



where SerCount U k ) represents the number of successors of ~ 
in a serial n-chamber trace sin™ • success °rs of Uy 

search. all the --^J^ 

pseudo-code determines the totai nU moe r of su ^ etters 
40 that most be computed to complete an exhaustive searcn 



10 
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_ Generating all SerCountU) successors of a given letter 
u is not particularly difficult. As each successor of u is 
generated,^ it is stored in a binary matrix Z that has 
SerCountU) rows and (n + l) columns. The last column of Z is 
5 reserved for a Boolean variable that is set to true if the 
successor was used in a partial schedule and is set to false 
xf the successor was not used. This entry is used later in 
the backtracking routine (discussed below with reference to 
FIG. 10) that generates all possible schedules for a given 
trace. The successors of a given letter are determined by 
the following function. 

function SerGenerator(«:letter): matrix; 

15 i: integer; 

begin 

if u [1] = o _then begin 
<z?py ( u , v ) ; 
v[l] = 1; 

20 store(v,Z); 

end;_ 

if u[n] =_l_then begin 
copy {u,v); 
v[n] = 0j 

25 store (v,Z); 

end; 

for_i:=i to n-_l 

if «[/]=l and «[i + l]=Q then begin 

cpPy (u,_v) : 

v[l]=0; v[/ + l]:=l; 

store (v,Z) ; 
end; 

return (Z) • 

end; 



30 



35 



40 



There are two functions which are used repeatedly in 
the above pseudo-code. Function copy Cu.v) returns letter 
u that is a replica of letter v. This manner of 
implementing rules ( Sl ) , (Sj) , ^ ^ # in which ^ 

first copies u into v and | then modifies v, is not 
inefficient because u and v differ in at most two 
coordinates. Function store (v,Z) copies letter v into a 
proper row of matrix Z. Note that in the above module, the 
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routine copies a binary n-tuple twice; clearly, in 
implementation, the routine copies the successor of u 
(slightly altered n-tunl^ Ti\ 

directly. Pr0per row °* Z 

5 Using the foregoing pseudo-code and given a letter Z in 

a serral trace, the pseudo-code generates all possible 

successor letters of Z and stores the. in matrix z. For 
example. » FIG . 7 . glven che 

pseudo-code produces a string of valid successor letters 

f (0 ' 1 ' 01 ' <1 - l '»'' - <0.0.0 len 

a different initial let-hpr * at** ^ 

81 lette r, a different valid set of 

successors is produced, e.g., letter (0 1 m 
Xetters ,1.1.0,. (!...», ^.^"ia",^ 

15 c. successor Generation for Mixed and Parallel Traces 

The representation of an n-chamber mixed trace by a 
brnary n-tuple is slightly more involved because exactly one 

as parallel charters within a stage, fig. 4 depicts an 
x lucrative mixed trace containing « 

chambers, where chambers C and c *™ • , 

pairs e .«i n /v., 4 SSrial 911(1 chamber 

Paarscta), C 2 (b) andC 3 (a), Cj (b) are parallel. 

Without loss of generality, it is assumed that an n 
chamber mixed trace is comprised of k successive stgl 

2 ' F2 If ^ * -e positions in a binary „- 
tuple x that corresponds to chambers Cl ,C, c_ 

respectively, then positions 1.2...;, W corresponds to 

30 chambers in stage 1. positions W+1 ,|„| + 2 |^| + | F , 

correspond to chairs in stage 2. and so on. « chamber c 
belongs to stage r, then position i in the corresponding ' 
associated binary n-tuple * belongs to P t and U , t (while, 
in fact, i is one of the consecutive \F,\ positions in J, 
35 m chts representation, a schedule is a finite string 

of brnary n-tuples which starts and ends with the sa.e 
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binary n-tupl e . This is the Qnly & 

word, m addition, if y is a e 

differ in at mo.r I successor of ff. then ff and v 

r ln at most two coordinates and the f«n« • 

define the relationship of f and v ^ 

5 I 

-l) "«»« JfJi , thenv -, i] = , porau 

= (This corresponds to a .wafer being 
moved from the loadlock into stage 1 ) 
< -S) a for SOm e i s ^ =[, ] = , , then ^ por au 

•M-lfl. (This corresponds to a wafer being 
-ved fro, the iast stage Fjt into ^ loadlock) 

m 3> If for some i <= p „ 

€ F t and some j e ^ ff[/]= , and 

51/1-0, then vKM-nd v[,)=l. For all 
-M, *>]-*]. (This corresponds tQ a wafer 

In determining the number of successors n * 
letter u, it will ^ h define a * ^ 

Y CO defl ne a sequence m q =0 and 

20 M .=\ F i\+\F 2 \+-+\F,\, 

^ere H is the size ^ Qf ^ ^ 

above sequence reflects the partition of the ind 
into stages . Clear lv m u ndex set of « 

g Clearly, M k =n, where n is the number of 

chambers. The number of successors of U is ^ • 
25 the following function: determined by 

function MixCount ( u : letter) : integer; 

30 begin 1 ' J ' ""^ integer; 

nmb: =0 

for i:=i to ^ 
if = 0 

3 5 r then nmb:=njnb+i 

for j : =1+Mfc_2 to M k 
if «[i] = l 

then nmb:=nnib+l 
for t:=l to Jfc-i 
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for i:=l + M t _ 2 to M t 
for j':=l+jtf t to Mt+i 
if u[i]=i and = o 

then nmb:=ranb+l- 
return (nmb) 
end; 



10 



°bvious ly . U ^ and k=n in ^ 

M lx Count(iT) becomes SerCountd, Alsn , 
n-charber trace, due to k-1 J \ * ^ P a ™Uel 

in the above pseudo-cc^e Ire Tn ZT ' 
loops (since there is iu s t ° 103 the Iirsc 

reduces to: ' "* SCa9el ' Che Pseudo-code 



15 



function Parcount ( u : letter) : integer; 

i, nmb: integer; 
begin 



20 nmb:=o ; 

for i:=i to n 

if «[i] = o or «[i]=i 
then nmfa:=nmjb+l- 
return (nmb) 
end; 



25 



which always returns nmb = n T h„ c • 

chamber trace, any given lette JZ ' ^ ParaUel a " 

y yxven letter has n successors 

A function that generates and stores all 
a given letter in a mixed trace is: —cesser* of 

3 0 * 

function MixGenerator ( u • lett-^ 

var | v M • • Lec ter) .-matrix,- 

t, i, j : integer ; 
35 begin 

for i : =i to M x 

if 51,] = 0 then begin 
copy (u,v); 

40 store(v.z) 

end; 

for j-.^l+M^ to M k 

if U V]= 1 then begin 
copy (5, y) ; 

45 ^]=o; 

store ( v,z) 
end; 

for t:=l to Jt-1 
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for i:=l+w t _ 2 to Mt 
for j:=l+M t to M t+1 

if «[,] = ! and ?[; . ] = 0 then 

copy («, y) ; 

v[/]:= 0 ; i7[y]:=l ; 

store (v ,Z) 
end; 



10 



return (Z) ; 
end; 



Functions copy ^ store 

in the corresponding routine for serial tL " 

this time matrix 2 ha, m- . 63 ' {Note th£ * 

me matrix Z has MixCountw rows and .n + i \ •< 

Again, if M t = t and k=n in fh. } Columns -> 

t k n in | the function, then 

15 M ax Generator(i7) becomes SerGenerator ( * ) For n 

traces, due to k-i * * acorttt >- For pure parallel 

a lette : ; ■ wuon ■ that ~- ~— » - 



20 ^ Ction Generator ( w : letter) :matrix; 



25 



i : integer; 
begin 

for i : =i to n 
begin 

c ppy (ff , V) ; 
if S[i] = I 

then v[i]:=0 
else v[/]:=sl 

3 0 „ Store (i7 '' 2 > 

endu- 
re turn (Z) 
end; 



Note the similarity between functions that count 
3 5 successors and functions that generate successors T , 

conditions for identify™ a successors, m fact, 

types of fun.tio Til TkuI ™*:™ id6ntiCal ^ b ° th 
the condition is detected ^ * °™ 

FIG. 8 depicts an lucrative schedule tree for a 
to 3 -chamber mixed trace la « „_,„ , 

' le - 9 " LL ^ C .^<C I VC ) )-,LL). where the 
successors of a particular letter »„ ,w 
Mixoeneratoru-, pseudo-code Z L e , ^ "* 
diagram of the trace of fig . h " ' """"^ 

Position ,1.1.0, ^ " S£erS ^="ioned in 
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D. Successor Generation That includes Robot Position 
When the schedule generation *- . ° Sltlon 

movements, than to an n 2 1 inClUdeS robot 

B chafers c-.T T ^ prised of 

12 C n < the routine must associate a 
(n+1) -tuple from {0,l)n X[0l . 

then, for i=i 2 „ -r i I If x 13 s ^h a tuple, 

' 2 n < 40 = 0, if chamber C- is 

*fil-i 1 • ^ty; and 

*W-1. xf Ci contains a wafer. Thus, as ^ 

3 -tuple (x, ^.yi „u e -' x 3 ln the 

y ^'Xj/Xj), where x, and v £ 

h ot - S " 3 POSiti ° n " C - « 

the robot ls positioned at the loadlock. 

Let S n represent the alphabet of the above associate 
For example, if n=2< then s assodatxon. 

then S2 is comprised of twelve 

J -tuples, namely, 

' 1 ' 0 - 0, - <1 '°' 1 i.«.o.a>,(i.i,o).(i, Xjl) , (l , x , J)Ji 

(n+1) -tuples from {0,l}n (fo •, • 

1 (t °' 1 n > a nd thus S\ = (n + i)2" 

These (n+1) -tuples are refers i- " 

25 alphabet S n . As before , " fr0m the 

n before, . word is a finite 

letters from S n . For example, 

(0 ' 0;0,(1 '^Hoa ;2)( o, 1; o,a, 1; i ) aa ;2)(1 ,o ; o ){1 .o ; i ) 

3 0 is an 8-letter word Not-* 
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which starts and ends with tha same latter and this is the 
only repeated letter Pure^™ the 

» Utters , and , (wna'raT s a "* °- uti ™ 

\wnere v is a successor of #7t ai** 

most three coordinates and are related in f " " 

the following rules: " acCOrdance with 

a) If i[l].0«d Ifr + f|.o. then *[,] = , ^ ^ + 1] = ] 

^r all i « {1 , n+1} , ^ (Thig CQrrespondence ^ 

a wafer being moved from the loadlock to c x ) 

b) If *[«] = ! and + = then 

For all i * {n , n+1} , m=u[i] (Th . s corresponds ^ a 

wafer being moved from c n into the loadlock.) 

c) if for some ^ {0 nh ^ ^ _ [r + ^^ ^ 

«> + l] = r, then v[rj = 0 and *, + !]. I-ad v[„ + ,] = r + 1 . 

For all i «{r,r + l, n +l}, v[il = sm 

" L'J "I'J- (This corresponds 
to a wafer being moved from C k into Cm u. 
„ . « Ani;o c (k+l)' where 

narther C k nor c (k+1) is a u-dlock.) 

d, a „-[,],„ and a> + 1 ] = ywhere , „ „ ^ 

For all i „ ntl . m = m (Th . s corresponds co ^ 
robot moving fro. home position at c, to a home 
Position at a loadlock in preparation for a wafer 
moving from the loadlock into Cl .) 

•> « «>]=. a,d Bhere JV „_ tten %+|]=n 

For all i „ n+1 , (a . s corresponds ^ a 

robot moving from a home position at c, to a home 
position at c a in preparation for a wafer move from 
C n into loadlock.) 

« If for see r « {0 ,„). ^ n[ r+I] = 0 ^ 

4» + l]=y where j * r. then v[„ + ,] = r . For aU u 
««. 1fl-*l. (This corresponds to a robot moving 
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fro, a ho me position at c, to a ho*e position at c 
« Preparation for a wafer moving f rom c r into c !. 
C c represents the loadlock.) 

5 Note that rules (a\ 

es (a ' - (b), and (c) abov<* a-r-^ • * 

< s l>'(s 2 ), and fs,i ^ • ' ln fact ^les 

V' and (s 3 ), respectively, when the robot is air*,* 

Prepositioned to moV e a wafer, while (d) (e) • J > ^ 
correspond to Positioning the robot- ^ * * 

(a, , (b ) . and (c) . res^l^ ** ~- 

.iven^e^aVlutTr ^ ~ " ~~ * * 

ttb wen as finds and storpc *-v^ 

designed in a sinilar m as — «» « 

niixed and serial traces (t M. ► • PreVlous cas « «or 

(a. through ,f , , Ts t ™ * £ ° U ° Win3 the "eps 
» successor! J lonsi ™ ^ * 

transfer is possihie g ^T^T, * «*« 

•*♦!]-. a rohot My have 'to 1 ^ " ^ «" 

Y nave to ^ prepositioned ( e o fr™ 

■-T - the « Positions or *n or W) , J 

the foregoing description of sir^n" ^ T 7 ' ' ' ' ' ^ 
MixCountU", and MixGeneratorU", Tt ' ^""^ « » > • 
« «t could readily « di£y ^ L*™ Sk " led *» the 
-t position using the S^^^"^ 

"nl::: 9 - * *- — a Backtracking 

30 Backtracking algorithms use special »™k, 

techniques to systematically explo^T, , ""^ 
Staphs .usually trees, . Sucn algorith^ " * X " t- 

the art. I„ the schedule al90riCh,,ls «• "ell know in 

awth, is used :i m 9 ::r;:; h r : tiM - a 

3S Previously discussed successor genera Z " T °* * 
Ser^erator.s-) or MixOenerator (Tn to "T"" '<••«- 
Possihle schedule given a particu^ t l. " 
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Let Bl be che start . ng letcer o£ a sch ^ ie ^ 

questions to answer every time a new letter a t , is added f 

= , . M k+1 ls added to 

partial trace S: 

a) Is uj L u 2 ...ff k « k+1 a full schedule? 

b) If «!« 2 ...i7 ki 7 k+:L is a full schedule, are there 
other full schedules which have not been recorded, 

A word * lM - 2; ..« k+1 is recognized as a fuu scheduie . f 

xt is built according to rules for successor letters and if 
here exists an index i< k+1 such that ^ « 

e e n 2 ... Sfc are different Thus< 

15 full schedule a routine checks whether or not 

ff k+l**i. i=l,2 ( ...,k, 
for every newly appended letter ^ which is a 
successor of Z7 k . 

once it is found that £or some ^ 

» routine either prints or stores the fun schedule u, 

To find other schedules, the routine rloves 
y £ ro» the full schedule s and ioo.cs at some other unused 
-cesser of a, H there is such a successor. sa y letter 
' r ° UClne Ch6CkS if »1 ...» k * is a full schedule. „ 
» *1 ...» k l is. not a fuil schedule, the routine looks at 
unused successors of , and so on. xf ...^ is . ^ 

schedule, the routine removes z and looks at a„„ r h 
successor of Si If i-w. another unused 

«k- " there are no unused successors of Si 
Che routine goes back (backtrack, and looks at unused 
30 successors of ^ and so on , ^ ^ 

the starting letter S, Basically, the routine contains the 
following sequence of steps: 



4 

10 5 
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1. (Initial^., Ctoose the Utter « 1 o£ a scheduie 
and go to Step 2. 

2. If schedule U ~ 77 

«1«2 ■ '-k « not complete, go to step 

* Else, go to Step 4. 

3. Find . successor utter M iet ^ ^ 

the schedule, which was not used, append it to the 
Partial schedule and go to step 2 if th 
unused successors. go to step 5 °° 
Print or store the schedule and go to step 5. 

to ScepY" "° ™ SChedUlM ' «- go 
6- (BacKtracK.) Re move the last ^ 
complete schedule and go to step 3 . 

15 Clearly, the routine must ensure that if *, 

-store, duplicate schedules in step TtLTch 

routine has printed (stored) all I .J 

former is accomplished inl ep TZTlTT^ *" 

letter and there are no unused successors, . It is 

one successor, e.g.. or ^ . ^ 

25 column (row) of an n h., . 

or an n by n identity matrix 

For example, as illustrated in Pig 9 .,„- . 
letter n fi,. • ' star tmg with 

letter 0. the routine builds a tree whose nodes are w f 
« x is such a node, the children of x are 
Utter , and. for serial traces. 1'^^ * 3 
30 sercount.r, of the successors. As such, the^ o L 
produces 0. «, and 0^ as suc _ ive ^ 

^ « lf2 is a directed path from node 0 to node 
-nee , l+£2 and , 3 are successors (children, of r, words 
O^^V^ and 0r ie2?3 are partial schedules as well 
Now. , 3 has two successors ^ Md r 4 ,, while has 
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only one successor < W . Hence. 0^ ..-^ , 

— 0»l» a * 3 (»l - I 3 ) and Jl^V. are all 
schedules and so on. 

5 word T "^"^ PreVi ° USl ^ let <-~ comprising a given 

ool Partlal SChSdUle) S ^ dis tinguished by theT 
posxtxons; so S(l) is the first letter in S S (2> is 11 
second, and so on. The level of a search tree h 
L this is *i«= rt ♦->, t search tree is denoted by 

this is also the length of a partial schedule Partial 
schedules of length L are thus paths of length L in T u 
!• -ee. Punction sent**, ret ums the 

x. As such sent (if) is either SerCountCt, or M^n 

either of these for a mn „ i . * rLOUnt( *> °* MucCount(x) or 

IfSis ! f° r 9 m ° del Whlch deludes robot movements 

» ^ of S is L and S( ^, ^r^ll.^ " 
shorty me ans append a letter and - me ans remove a letter, 

Finally, a commitment to data organization (structure " 
xs necessary in an efficiently designed routine Keep L 
mind that the number of chambers (and thus tC' k 
20 successors of • fche num ber of 

uccessors of a gxven word) is relatively small Thus i r 

does not make any difference if the routine generates "i 
successors of a given letter and stores them 
dynamically generatina rv, ' S ° PP ° Sed to 

arises. gSnerating the successors one-by-one as the need 

J 5 A basic schedule generator routine can „ 

the following five steps: summarized by 



1. 



initialize the schedule: S-0 and Lf-1 and go to 
Step 2. 

30 2. *<-s(L) and 8<-cnt(J) <?t-™-« x 

ut 1 * ' • store 6 successors of 

*>yi.y*....,y a . and mark them unused. Go to step 3 
S<-S + * and L^ L+ 1 and 8«-5-l. Mark fi used ^ go 
to Step 4. 

Compare S(L) with 3(1), S (2) S (L-1) 

respectively. If s(i)=s(L) for ^ 

and L and go to Step 5; else, go to Step 2 



3. 



4. 
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= ■ S^S-S, L) and a L=l, STOP; else. g o to 

Step 6. 

«• M 8=0. go to step 5. Else (6 >0). append an muaea 
successor of s,L, to s. aar k it used . ^ Md 
5 to Step 2. 

in.^-n * ee ' L * Nearly, L must be 

initialized to l a<? fnr <-v. • • . ^ 

» «- cogence. ' ^ rT^Z^V^ * 
successor, a letter 0 ° nly ° ne 

Processing wafe^' ' ^ JUSt ^ 

in step 2, the routine f irst finds tne ^ 

15 successors, 5, of the last letter sav * in 

r ' sa y * » in a partial 
schedule S(clearl y/ ; =S (in «, „• 

is a Boolean variable with val ^ T t t l T ™ ^ 
not used in a particular partial s tV lessor was 

otherwise. {0r the routiT * "* ^ false 

» - the list o £ J^JL^rLT~ el - 
above . ) «scrioea in Sections C and D 

letterVi?, 3 ' T J* ^ ™ SUCCMS °" ° £ last 
letter x rs appended to the partial, schedule S th. i \u 
cf schedule L is increased by 1 and th. i! 9 
3« successors o £ , ls decreased^ ' t^Z? 7" 

least one successor to any giv L letter , ^ ^ " 

In step 4, the routine checks if s i« - <= 
by ccparin, the newly added «the last lettj 
previous letters S(l) S(2) «„ ' Wlth a11 

3= ace™ eyery't^T^-^'J^t T 
partial schedule ) if o, n ■ PPenaed to a 

aue.) if s(L) xs a repeated letter, the 
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routine prints (stores) the schedule; else, the routine 
continues with building the schedule. 

When a partial schedule becomes a full schedule 
S<1)S<2)...S(L). after storing the schedule, the routine 
5 removes the last letter S(L, and look for some other unused 
successor of s (L -i) . If there are some ^ 

the routxne appends a successor to the partial schedule 
fxndsts successors, appends one of these successors and so 

10 f ,« ^ n ° SUCCeSSOrs ' the ^utine removes S(L-1> 

10 from'S and looks for unused successors of S (L-2, and sd on 

The program terminates when L=l and 8=0 (meaning there are 

no unused successors of the first letter) 

the Jr/r^ abOVS " f ° r ^ rSpreSen nation of 

the scheduling problem. That is, either serial or mixed 

15 traces with letters from {0 ,l } n or either of ^ 
with robot position being part of the model (and thus 
alphabet from. (0,1)* x (o,!...,^,. clearly , w 

count and generate successors of a given letter are 
different each time. ; < 

" Fig 10 depicts a flow diagram of a schedule generation 

routes 1000 that operates as generally discussed Lve 
The routxne 1000 begins at step 1002 by initializing the 
schedule, e.g.. setting an initial letter to an n-tuple 
(n-str a ng, of zeros. At step 1004. the routine finds. 

" stores and marks all unused successors of the last letter in 

IZIT sch T le ' The ™ or lette - ~ 

and I T PSeUd0 " COde r ° Utines Seroenerator. *arGe»erator 
— HuO.-r.tor and the number of successor letters for 
each letter is determined using SerCount, ParCount and 
30 MrxCount. of course, as mentioned above, if the robot 
posrtion is to be taken into account, these pseudo-code 
routines must be appropriately modified to accommodate the 
expanded letters and the modify rules of successor 
generation. 

05 Then, at step 1006, the routine appends an unused 

successor of the last letter to a partial schedule as well 
as increases the length of the schedule by one and decreases 
the number of unused successors by one. The routine 
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querles. at step 1008. whether the last letter of the 
Partial trace has been reached, it the query is neoativ.lv 
answered the routine proceeds along the^ TslZ 
1004. If the query „ affirmatively answered, the routine 
™d C ° 1010 *™ ^ * — r P rZZ 

Steps 1012. 1014. 1016 and 1018 represent a 
backtracking process.. At step 1012. the routine reaves the 

1. ^ I SCh6dUle C ° Pr0dUCS 3 schem e 

10 and reduce the schedule length by one. Then, at step 1014 

f the ^ " " hether ^ 1Sn9th °* is one 

15 routine queries whether- t-v,^ • ' 

last letter If It " " ""^ suc «ssor to the 

t letter. If the query is negatively answered, the 

routine proceeds along the NO path to step 1012. o herwise 

i a™ rr* to step 1020 where an ~ "~ - ~ 

appended to the partial schedule. The routin. 
20 returns to step 1004. " * then 

Once all possible schedules are determined and stored 
n memory, the schedules are processed by a conventional 
throughput model. Specif icaliy. each schedule is usTby 
the model to predict a throughput for that schedule The 
25 throughputs for all the schedules are compared to find^he 
schedule having the highest (best) throughput Thetch^ , 

conL? r hest th ~ * *— o-^^r s s r : 

control the sequencer. The throughput model may be execute! 

3o n :emo: e,uencer co, " uter «■ — utei - ^ ^ ex ™ 

scheduUs^Tg^J^r IT" 5 - 

y en CJ -uster tool configuration. The 

35 ^ * 3 °— *W throughput 

model to determine the optimal schedule. As such the 

present invention facilitates automatic determination of an 
optima schedule in a rapid and accurate manner that ha 
heretofore been unavailable in the prior art. 
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Although various embodiments which incorporate the 
teachxngs of the present invention have been^hoj and 
descrxbed in detail herein, those skilled in th/LTL 
readily devise many of the vari»H * k ^ 

c , y tfte vari ed embodiments that still 

5 incorporate these teachings. 
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What is claimed is: 



1. A method of producing schedules for processing a wafer 
S a a multrchamber semiconductor wafer processing tool 

comprising the steps of: 

(a) providing a trace defining a series of chambers 
that are visited by a wafer as the wafer is processed by the 

10 Mb) initializing a sequence generator with an initial 

all vaUd 9eneratin9 ° f that 

al valid successor wafer positions related to the initial 

- value, where said values of said variable, taken toge" fclr 
form a partial schedule for processing a wafer. 

2. The method of claim 1 further comprising a step of 

20 7rz^r^r r of variabie — — *- a 

3. ^e method of claim 1 further comprising the steps of 

d) backtracking through said series of variable values 
25 2 « Partial SCh6dUle Ste * < c > to each value 

varL a bl Partlal SCh6dUle t0 Pr0dUCS Val - S of said 

variable representing additional series of values that 

represent additional partial schedules; and 

(e) stopping said backtracking when all possible 
variable value combinations are produced that represent all 
30 possible valid schedules for said trace. rSPreSent a11 

4. The method of claim 1 wherein a value of said variable 
xs a letter and a plurality of letters forms a word. 

3 5 5. The method of claim 4 wherein a valid schedule is 

defined by a word having no more than one repeated letter. 
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6 The method of claim 4 wherein each letter contains a 
n-tuple, where n represents a total number of wafer 
positions within said trace. 

5 7 . The method of claim 6 wherein „ represents a total 

~pisr ms within saia — a ~ 
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T1 >e method of data 3 further Arising the step of: 
(f) identifying at least one schedule in all possible 
vaUd schedules that provides an opti«l throughput forte 



9. The method of claim 8 wherein said identifying step ,f, 

L H / 0mPriSeS ° £ C °"* «" throughput fir 

each and every schedule of said a!l possible schelL Z 

selectrng an optimum schedule for the trace which produces 
the highest throughput. Produces 

20 10 The method of claim 3 wherein said barracking step 
(d) further comprises the steps of: 

<a') initializing a schedule to an n-string of zeros 
having a length of one; 

(b< ) identifying all. unused successors of a last letter 
25 in a partial schedule; -Letter 

scheme;' aPPendln9 " SUC ° eSSOr " ^"ial 

one inCreaSing the len «» °« 'he partial scheduie by 

one and decreasing a „*r of unused successors by one 

<e ) guerywg whether the last letter of the partial 
schedule is the same as a previous letter in the parUa, 
schedule and. if not. repeat steps ,„., , C M , d T " , 
until the last letter of the part^ schedule'^ L"L - 
a previous letter in the partial schedule- 

" and J''-' SC °f n9 ^ Pa " ial SChe<iUle M a fUl1 •*•*•!• 
and storing the length of the full schedule- 

(g- ) removing the last letter of the full schedule to 

T^TJZVZT 1 ' *- decreasin9 tha — - 
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(h«) querying whether the length of the new partial 
schedule is one and, if the length is one, stopping; 
otherwise, proceeding to step (i') ; 

<i'> querying whether there is an unused successor of 
5 the last letter and, if there are no unused successors of 
the last letter, repeating steps (g<), (h <, and (i-, until 
there is an unused successor of the last letter; 

<3') appending the unused successor to the' new partial 
schedule, marking the successor as used and decreasing the 
10 number of successors by one; and 

(k') returning to step (b'). 

11. The method of claim 1 wherein successor variables 
values are defined by successor generation rules that are 

15 prescribed by wafer processing parameters. 

12. The method of claim 1 wherein successor variable values 
are generated with regard to transport robot positioning. 

13 . Apparatus for producing schedules for processing a 
wafer in a multichamber semiconductor wafer processing' tool 
having a trace defining a series of chambers that are 
visited by a wafer as the wafer is processed by the tool, 
said apparatus comprising-: 

a sequence generator, being initialized with an initial 
value of a variable defining an initial wafer positioning 
within the tool, for generating values of said variable that 
represent all valid successor wafer positions related to the 
initial value, where said values of said variable, taken 
together, form a partial schedule for processing a wafer. 

14. The apparatus of claim 13 further comprising means for 
computing a total number of successor variable values 
generated from a given variable value. 

15. The apparatus of claim 13 further comprising- 
means for backtracking through said series of variable 

values in said partial sequence and selecting each value in 
said partial schedule as an input to said sequence generator 



20 
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which produces further values of said variable representing 
add.txonal series of values that represent additional 
partial schedules, whereby all possible schedules for said 
trace are generated. 

5 

16. The apparatus of claim 15 further comprising a 
throughput model, coupled to said sequence generator, for 
computing a throughput value for each possible schedule in 
said all possible schedules. 
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17. The apparatus of claim 16 further comprising means for 
identifying at least one schedule that has the largest 
throughput value, 

15 18. A schedule data structure, stored in a computer 

readable storage medium, of a schedule for processing a 

wafer in a multichamber semiconductor wafer processing tool 
comprising: 

a Plurality of n-tuples, where n is a total number of 
20 possible wafer positions, and the plurality of n-tuples 
contains only one duplicate n- tuple. 

19. The schedule data structure of claim 18 wherein n is a 
total number of possible wafer positions plus a position of 

25 transport robot position. 

20. The schedule data structure of claim 18 wherein the 

n-tuple has a form (x^.x, xj , where x defines the 

contents of a particular chamber at a particular point in a 

30 schedule and x has a value 0 when a wafer is not positioned 
in the chamber and a value of 1 when a wafer is positioned 
in the chamber. 
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